The parity-conserving a and parity-violating b amplitudes for weak radiative h yperon decay are studied using chiral perturbation theory. The imaginary parts of a and b are computed using unitarity. The real part of b is dominated by a one-loop infrared divergent graph which is computed. The real part of a has a large theoretical uncertainty and cannot be calculated reliably. Counterterms for the a and b amplitudes are classied using CPS symmetry. The experimental values for decay widths and asymmetries are consistent with theory, with the exception of the asymmetry parameter for the + ! p decay.
Introduction
Weak radiative h yperon decays (WRHD), such a s ! n, + ! p, etc., h a v e been of theoretical and experimental interest for some time. Early theoretical work on these decays focused on pole models, in which the initial baryon turns into an intermediate state by a S = 1 w eak transition, followed by the decay of the intermediate state by the radiation of a photon [1] [2] . The limited success of pole models for WRHD led to a variety of other approaches. Gilman and Wise [3] investigated the possibility that WRHD proceeds via a direct s ! d transition. The authors concluded that this assumption was not correct, however, because the theoretical predictions of the model were incompatible with experiment. Further attempts include the study of WRHD in the Skyrme model [4] and using an eective Lagrangian [5] .
Although no theoretical analysis has resulted in a complete description of WRHD thus far, certain long distance contributions to WRHD have been determined using very general arguments. Since the decay ! n can proceed via the physically allowed weak decay ! p , followed by p ! n, the imaginary part of the ! n amplitude is determined in terms of the known amplitudes for the hyperon nonleptonic decay ! p and for pion photoproduction p ! n. This method was used by F arrar [2] to place a unitarity l o w er bound on WRHD rates. Kogan and Shifman [6] showed that the real part of the WRHD amplitude has a ln M 2 contribution which is computable in terms of the imaginary part of the amplitude using dispersion relations. For some recent w ork on WRHD and a more extensive discussion of earlier work and additional references, see ref. [7] .
In this paper, we give a model independent analysis of the WRHD parity-conserving a and parity-violating b decay amplitudes using chiral perturbation theory. Chiral perturbation theory provides the means for calculating these decay amplitudes in terms of a systematic expansion in powers of the Goldstone boson masses and the momentum of the radiated photon. The dominant contributions to the decay amplitudes can be computed in terms of known constants with no free parameters.
The calculation of the decay amplitudes is broken down as follows. The imaginary parts of the a and b decay amplitudes are computed using unitarity as detailed by earlier authors [2] [6] . The real part of the decay amplitude b is dominated by a one-loop graph which is infrared divergent in the chiral limit. This graph yields the ln M 2 contribution discussed by Kogan and Shifman. The real part of a is determined by pole diagrams in addition to a one-loop graph. However, the computation of this graph in chiral perturbation theory suers from large uncertainties and the diagram cannot be computed reliably. In our analysis, we treat the real part of a as an unknown.
All possible counterterms which contribute to WRHD are determined. CPSsymmetry is used to reduce the number of counterterms. Four counterterms are allowed for the a amplitudes, whereas only one counterterm is allowed for the b amplitudes. The magnitude of the b counterterm is estimated using naive dimensional analysis [8] . The counterterm contribution is approximately 20% of typical b amplitudes. The b counterterm does not contribute to + ! p or ! decay since the parity violating amplitudes for these decays are purely CPSviolating, as shown originally in ref. [9] .
The theoretical predictions for the decay widths and asymmetries are compared with experiment. The experimental data is consistent with theory with the exception of the asymmetry parameter for + ! p. This asymmetry parameter does not agree with the data, even when Re a is treated as a free parameter. The experimental value of the asymmetry parameter for + ! p is = 0:83 0:12. 1 The maximum theoretical asymmetry consistent with unitarity i s = 0 : 8. It is only possible to get this upper bound value for the asymmetry if one includes a CPS-violating counterterm which is about 35 times larger than its naive v alue, or if the short distance contribution is enhanced by about 20.
This paper is organized as follows. Sect. 2 begins with a brief description of chiral perturbation theory for baryons. Denitions for WRHD amplitudes, widths and asymmetries are given. The next three sections discuss short distance, counterterm, and long distance contributions to WRHD amplitudes. The short distance contribution is unimportant. CPSsymmetry is used to constrain the number of counterterms in Sect. 4. The main computation of this paper, the calculation of long distance contributions to the decay amplitudes, is given in Sect. 5. The theoretical analysis is compared with experiment i n Sect. 6. More detailed formul for the computation described in Sect. 5 are contained in the appendix.
Formalism
The WRHD amplitudes will be computed using the static baryon formulation of chiral perturbation theory developed in ref. [11] . In this formalism, baryons are described by velocity dependent elds B v (x), where v is the four-velocity of the baryon. 2 The eld B v (x) is related to the conventional baryon eld B(x) b y the transformation B v (x) = 1 + v = 2 e im B vx B(x); (2:1) where m B is the baryon mass. The advantage of using the eld B v is that derivatives on the baryon eld produce factors of the residual moment k, which is related to the total momentum p by p = m B v + k. F or baryons interacting with low-momentum Goldstone bosons, the residual momentum is small because the baryons are nearly on-shell. Higher derivative terms in the chiral Lagrangian are then suppressed by factors of k= , where 1 GeV is the chiral symmetry breaking scale. Consequently, the static baryon formulation of chiral perturbation theory has a systematic derivative expansion. The theory also has a systematic loop expansion [13] . Contributions to the WRHD amplitudes can be divided into three categories: (a) short distance contributions generated at scales large compared with , (b) matching terms generated at the scale which are included in the chiral Lagrangian as local counterterms, and (c) long distance contributions that arise from loop diagrams in the chiral Lagrangian. The precise division of the amplitude into these three categories is in principle scheme dependent, but it is a useful way to organize the calculation.
Short Distance Contributions
The short distance contributions to WRHD are generated at energies much higher than , and can be computed using perturbation theory. The leading operator which can 2) This operator is rst generated by QCD radiative corrections at two loops, and hence has a suppression factor of s =4. It also has a suppression factor of a light quark mass because it is a chirality violating operator. The numerical factor of 0.2 includes the weak mixing angles and QCD radiative corrections [15] . We will nd in Sect. 5 that the long distance contribution to a and b is of order 5 MeV, so the short distance contribution to the decay amplitude is negligible. A similar conclusion has been reached previously by other authors [6] [7] . Note that the operator (3.2) is not CPSviolating, and can contribute to + ! p. 
Counterterms from Matching
The non-perturbative matching condition contributions to the WRHD amplitudes can be written as local operators in the chiral Lagrangian. The magnitude and form of the counterterms can be obtained using SU(3) symmetry, CPSsymmetry, and naive dimensional analysis. The WRHD counterterms contain one insertion each of the weak and electromagnetic interactions. The I = 1 = 2 enhancement implies that the leading weak interaction operator transforms as an SU (3) 
Long Distance Contributions
The long distance contribution to WRHD is obtained by computing the time ordered product of the S = 1 w eak Lagrangian and the electromagnetic interaction in the chiral Lagrangian. The long distance contribution is the dominant contribution to WRHD.
The leading S = 1 Lagrangian is where the numerical estimate results from setting A s and g A to one, and using = 1 GeV. Eq. (5.6) is the ln M 2 contribution discussed by Kogan and Shifman [6] . The graph also has an imaginary part which is determined by unitarity. The graphs in g. 1 were computed in dimensional regularization, using the methods given in ref. [11] , and retaining only the nite pieces. The Goldstone boson mass was included in the loop integral, since it regulates the infrared divergence. Because the dominant diagrams are from pion loops, we h a v e also retained the SU (3) where the photon couples to the meson line, or at the meson-baryon vertex. These graphs are proportional to the meson charge, so only charged K and loops contribute. Both K and loops were included in the computation, but we h a v e c hecked that the loops dominate. The result for the decay amplitudes is given in Appendix A. The terms in the appendix include all amplitudes that do not vanish in the SU(3) limit. In addition, the contribution of the experimentally measured s-wave amplitude + ! n + is also included. This amplitude vanishes in the SU(3) limit, and is experimentally known to be about 20 times smaller than the SU(3) allowed amplitudes. Including it makes a negligible change in our results, but we h a v e done so to get the best possible estimate for the imaginary part of the b amplitude.
The result given in the appendix is evaluated numerically in two dierent w a ys. The rst method (I) uses the best t values for h D , h F , D and F. The values of D and F used are those given in ref. [17] . The second method (II) uses the experimentally measured amplitudes for s-wave nonleptonic decay and for the baryon semileptonic decays to determine A s and g A wherever possible, and uses the best t SU(3) predictions for undetermined couplings. The results of the two methods agree with each other, because SU(3) works well for both the s-wave nonleptonic amplitudes and the semileptonic decays.
The ln dependence completely cancels between the K and loops if one uses the SU(3) symmetric values for the nonleptonic decay amplitudes and axial coupling constants. In principle there is one allowed counterterm so the graphs need not be nite. However, the s-wave nonleptonic decay amplitude is not the most general possible one allowed by SU (3) Table 1 , where the rst and second values are obtained using methods I and II, respectively.
In the plots in Sect. 6, we will use method II in comparing with the experimental data, because that gives the best approximation to the imaginary parts of the amplitudes which are xed by unitarity. The long distance contribution gives an independent estimate of the local counterterm (discussed in the previous section) to be around 1 MeV by looking at how m uch the decay amplitude changes if is varied by a factor of two. Since the K and loops together have n o dependence, the estimate is done by looking at the variation of the loops alone when is changed by a factor of two. This estimate is comparable to the estimate given by naive dimensional analysis [8] .
The computation of the a amplitude is much more dicult. Naively, the leading contribution is from the pole graphs of g. 2, which give a n = M [16] . This cancellation explains why SU(3) predictions are a complete disaster for the p-wave nonleptonic decays. Some cancellation also occurs between the pole diagrams for the a WRHD amplitude, so higher order corrections are expected to be important for the a amplitudes. Note that the constraints of CPSdo not apply to the a amplitude, because pole graphs cannot be written as local counterterms. There is an additional complication for the a amplitudes because loop graphs of g. 1 with the weak vertex replaced by the nonleptonic p-wave amplitude contribute. These graphs are just as important a s t h e s -wave graphs, because the nonleptonic p-wave amplitude is of the same order in the derivative expansion as the s-wave amplitudes [16] . These graphs cannot be computed reliably, because the p-wave nonleptonic decay amplitude must be known as a function of the pion momentum k, which need not be on-shell. The typical energy scale over which the p-wave amplitudes vary is of order the SU(3) mass splittings in the baryons, or of order 150 MeV, which implies that the amplitudes are varying rapidly in the region of interest. For these reasons, we conclude that there is no reliable way to compute the real part of a. Previous work on WRHD has produced a wide variety of estimates for the real part of a, which is another indication that a R cannot be reliably calculated. In this work, a R will be treated as an unknown parameter. The imaginary part of a can be determined reliably using unitarity. It depends only on the p-wave nonleptonic decay amplitudes for on-shell pions, which are known experimentally. We t h us use the diagrams of g. 1 to compute a I , using the experimentally measured p-wave amplitudes for the weak vertex, instead of an SU(3) t to the p-wave amplitudes. The imaginary parts of the loop graph are given in Appendix A. Evaluating the result numerically yields the values of a I given in Table 1 .
It has been suggested recently that intermediate spin-3/2 decuplet states should be included in chiral loop calculations [13] states, but as we h a v e already argued a R , cannot be computed reliably, so these contributions need not be evaluated explicitly. There are other contributions to the real part of a that we also have not included, such as one-loop diagrams that involve the S = 1 transition in the meson sector from the eective Lagrangian L S=1 = f 2 8 tr hD D y ; (5:8) which produces the K ! 2 decay amplitude.
Comparison with Experiment
The results of the previous sections can now be confronted with experiment. The imaginary parts a I and b I can be reliably computed using unitarity. The real part b R can be reliably calculated using chiral perturbation theory. It has a typical size of around 5 MeV, with a counterterm of typical size 1 MeV. The real part a R cannot be computed reliably, and is treated as a free parameter. In comparing with experiment, we use the amplitudes a I , b I , and b R given in Table 1 , and treat a R as a free parameter. In addition, we add to b R a counterterm contribution of the form b c , where is evaluated from the c 5 invariant in Eq. The theoretical prediction is a curve in the asymmetry-amplitude plane for each decay, as a R is varied with a I , b R and b I held xed. There is a counterterm contribution to b R , so one gets a set of curves as the counterterm is varied. We h a v e c hosen to plot curves in g. 3 for b c = 0 MeV (solid), b c = 1 MeV (dashed) and b c = 1 MeV (dot-dashed). The spread in the curves indicates the uncertainty due to the unknown counterterm b c . I t i s important to note that there is only a single counterterm: one can pick either of the three kinds of curves, but one must pick the same curve for all ve decay amplitudes.
The theoretical curves in g. 3 are to be compared with the experimentally allowed region represented by the shaded ellipse in each plot. The experimental values used are those given in the 1992 Particle Data Book. In addition, the recent measurements of the ! n lifetime [20] , and of the + ! p asymmetry parameter [10] are also shown. Keeping in mind that we expect corrections to our results of order m 2 K = 2 ' 25%, we see 3 ) by a factor of 20. While these possibilities cannot be ruled out, they do not seem likely. T h us, if the large negative asymmetry measured for + ! p is correct, 5 it seems to indicate a breakdown of na ve p o w er counting for this process. A possible source of this breakdown is the presence of pole graphs containing intermediate excited 1 2 baryons such as the N (1535), which contribute to b R [1] .
We h a v e recently received a preprint b y H. Neufeld [21] which also analyzes WRHD using chiral perturbation theory. [20] and E761 measurements [10] , respectively. 
